Abstract Understanding climate change impacts on winter road systems in Ontario's Far North is critical due to the high dependence on such seasonal corridors by local residences, particularly among remote First Nations communities. In recent years, a warmer climate has resulted in a shorter winter road season and an increase in unreliable road conditions, thus limiting access among remote communities. This study focused on examining the future freezing degree day (FDD) accumulations during the preconditioning period of the winter roads at five locations using the multi-model ensembles of general circulation models (GCMs) and regional climate models (RCMs), under the representative concentration pathway (RCP) scenarios. The Statistical DownScaling Model Decision Centric Version 5 (SDSM-DC) was applied to validate the baseline climate. The results from the CMIP5 showed that by midcentury, the trends of FDDs under RCP4.5 for Moosonee and Kapuskasing were projected to decrease below the lowest threshold with the mean FDDs at 376 and 363, respectively. Under RCP8.5, the mean FDDs for Lansdowne House and Red Lake were projected to be below the lowest threshold, at 356 and 305, respectively, by the end of the century. Results of the FDD threshold measure indicated that climate conditions would possibly be unfavorable during the winter road construction period by mid-century for Moosonee and Kapuskasing and for Lansdowne House and Red Lake by the end of the century. For Big Trout Lake, on the other hand, climate conditions are expected to remain favorable for the winter road construction through the end of 2100.
Introduction
preconditioning period of the winter roads), play an important role in providing a more climatically favorable construction period, also contributing to earlier opening dates for the winter roads. Thus, Hori et al. (2016) established the lowest threshold of 380 FDDs which can be potentially used for climate model projections. Though, we acknowledge that nonmeteorological factors, such as annual shipping demands, community re-supply needs, and other economic issues have likely contributed to the winter road operation, particularly for closing dates (Knowland et al. 2010) . In fact, the closing dates for the JBWR were less reported by the local news media. Also, compared to the closing dates, there is normally more pressure to open the winter roads as early as possible; thus, the climate factors are key to determining the opening dates.
In order to assess the impacts of climate change on the longevity of winter roads in the future, climate models are used to project climate change over the next century. Blair and Sauchyn (2010) used climate model projections to understand the impacts of climate change on the winter road systems in Manitoba. They found that the winter road seasons will become shorter by approximately 8 days in the 2020s, 15 days in the 2050s, and 21 days in the 2080s. Similarly, climate models project a shorter duration of winter road season concurrent to a longer open water season at Norman Wells, which will directly affect the shipment sectors of the region (Lonergan et al. 1993) . Stephenson et al. (2011) applied the arctic transport accessibility model, which is a transportation modeling framework that adapts climate and sea-ice model projections for the areas lying northward of 40°N. By 2060, the arctic region is projected to have significant reductions in total land area where climate conditions are favorable for the winter road construction, causing shorter transportation seasons due to delayed openings and earlier closures of the winter roads.
To our knowledge, there is limited research examining the viability and longevity of winter roads in OFN in the next century using climate model projections. Thus, this study focused on examining future FDD accumulations during the preconditioning period of the winter roads over OFN, by current climate model projections. Though we might consider examining rainfall and snowfall associated with varying winter road construction periods for the future, currently, quality and availability of these data at weather stations in OFN are limited which may affect climate modeling performance. Moreover, climate models perform less well for the large-scale patterns of precipitation than for surface temperature (Flato et al. 2013) . The main objectives were to construct plausible local-scale climate model projections in OFN-and to project future FDD changes until the end of 2100-to assess the future of the winter road systems throughout OFN. This study applied the lowest threshold of 380 FDDs, which was derived from the relationship between the FDDs and the JBWR near the Hudson-James Bay coast, to examine the effects of climate change on the winter road construction in a future period. Though constructing winter roads varies dependent on local geographic conditions within OFN, this threshold will provide a conservative estimate of the minimum FDDs required for the future on winter road systems throughout OFN.
Study area
Ontario's Far North (Fig. 1) is situated within two continental landscapes: the Canadian Shield in the western part and the Hudson Bay Lowlands in the eastern part of the Far North (Far North Science Advisory Panel 2010). The presence of the various states of permafrost (i.e., sporadic, discontinuous, and continuous) creates unique topographic features in OFN.
Ontario's Far North is classified as having a subarctic climate (Köppen Dfc climate), which includes year-round precipitation, short and cool summers, and long and cold dry winters (Aguado and Burt 2007) . There is no all-weather road within OFN except for one railway to the town of Moosonee. Thus, the network of winter roads (3160 km) that links 31 remote and coastal First Nations communities, with a total population of 24,000 people, to a permanent highway or railway system is a critical seasonal lifeline in the region (Far North Science Advisory Panel 2010; Government of Ontario 2015b). Fig. 1 Map of Ontario's Far North, including winter road systems, First Nations communities, and five weather stations: Big Trout Lake (53°50′N, 89°52′W), Lansdowne House (52°14′N, 87°53′W), Moosonee (51°16′N, 80°39′W), Red Lake (51°04′N, 93°47′W), and Kapuskasing (49°24′N, 82°28′W) (Environment Canada 2015) 3 Datasets
Historical climate data
Five weather stations: Big Trout Lake, Lansdowne House, Moosonee, Red Lake, and Kapuskasing were selected to cover the winter road systems in OFN. Although Red Lake and Kapuskasing are located below the Far North's boundary, they were chosen due to the limited climate data from nearby stations for communities further north. Environment Canada's Adjusted and Homogenized Canadian Climate Data were also available for these stations, thus providing a second generation of homogenized surface air temperature data for climate trend analysis (Vincent et al. 2012) . Daily homogenized temperature mean (T mean ) data from 1981 to 2010 were obtained as baseline climate data for the five locations. Although the homogenized data for all five locations were able to extend the daily temperature data records, the data were still incomplete. Only Kapuskasing and Red Lake have complete records after homogenization by Vincent et al. (2012) . Lansdowne House, Big Trout Lake, and Moosonee have 6, 10, and 12 years of incomplete records during the October to December period, respectively, with an average of over 32 days of missing values within those years. This would greatly affect the calculation of FDDs. To infill the missing records, a statistical technique based on the predictor (large-scale atmospheric conditions)-predictand (local observations) relationship was used. This statistical technique is described in the next section.
GCM data
The fifth phase of the Coupled Model Intercomparison Project (CMIP5) models were used in this study for climate change projections of FDDs. The CMIP5 projections are driven by the representative concentration pathways (RCPs), which consist of four scenarios (RCP 2.6, 4.5, 6.0, and 8.5) that aim to represent potential future forcing pathways (Moss et al. 2010; Taylor et al. 2012) . The CMIP5 data are available from the Canadian Climate Data and Scenarios (CCDS); CCDS offers 29 CMIP5 model outputs with three RCPs (RCP 2.6, 4.5, and 8.5), interpolated to a common 1°× 1°global grid (CCDS 2015) (see Supplementary Table S1 ). An ensemble approach has been designed to evaluate different model performance since the IPCC Fourth Assessment Report (AR4) (Flato et al. 2013) ; thus, this approach was utilized in the present study.
Methods

Historical data infilling and validation by statistical downscaling
Statistical downscaling is a technique used conventionally for producing future local climate scenarios. Statistical downscaling bridges the scale mismatch between the large (GCM) and local (individual station) scales by first calibrating and validating empirical relationships between large-scale atmospheric properties (re-analysis products) and local daily observations. Then, using the GCM outputs as inputs for the large-scale atmospheric properties, future local climate scenarios are generated (Wilby et al. 1999) . In this study, the main purpose of statistical downscaling is to infill and validate the historical missing records for the five locations. The Statistical DownScaling Model Decision Centric (SDSM-DC) software was used because of its ability to reconstruct and infill missing records based on calibrated predictor-predictand relationships (Wilby et al. 2014) . To use the SDSM-DC, 25 predictor variables were first obtained from the National Centers for Environmental Prediction (NCEP) re-analysis dataset (Kalnay et al. 1996) , to investigate the percentage of variance explained by each predictor-predictand combination. The standard suite of NCEP re-analysis predictor variables is listed in Table S2 . After the suitable predictor-predictand relationships were screened, regression models were calibrated and validated in the next step of the SDSM-DC process. The observed T mean data from the first 15 years (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) were used for the SDSM-DC model calibration, and those from the last 15 years (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) were used for the SDSM-DC validation. Lastly, the developed models were used to infill missing data and generate 20 local baseline climate T mean , for each of the five locations.
Trend analysis of climatological baseline
FDDs have been used to define the severity of winters and their trends (Assel 1980) , and it is used as a climatological baseline in this study. FDDs are calculated by a sum of the daily mean temperature below the freezing point (0°C) of fresh water for a given time period with units in°C ·days (Assel 1980) . This study examined the FDD accumulations from October 1 to December 31 as a preconditioning period of winter road seasons, and the lowest threshold of 380 FDDs (°C·days) (Hori et al. 2016 ) was chosen for this study.
The non-parametric Mann-Kendall correlation test and the Theil-Sen method were used to identify any statistically significant trends between FDDs and time. Since time series trends are not necessarily linear, these statistical techniques are commonly applied to several sea-ice studies of the Hudson Bay region by Gagnon and Gough (2005) , Gough et al. (2004) , and Kowal et al. (2015) . The Mann-Kendall test measures the statistical significance of the trends in a time series at a selected significance level (Helsel and Hirsch 2002) ; thus, α = 0.05 is used for the test. The Theil-Sen method is also non-parametric and estimates the slope of a trend that is less affected by outliers (Sen 1968 ).
Climate model projections
For future climate scenarios, the gridded 1981-2100 T mean data from the CMIP5 experiments, specifically, 28 GCMs with 3 RCPs (84 model runs) were obtained for the grid cells nearest of the five locations. The outputs of regional climate models (RCMs) from CanRCM4 and RegCM4 (see Table S3 ) were also obtained to assess differences between GCMs and RCMs, as well as among the RCMs. CanRCM4 and RegCM4 models were first compared. Additionally, CanESM2 (one of the CMIP5 models) and CanRCM4 (driven by CanESM2) are compared, and outputs from CanRCM4 were compared with the four RegCM4 runs for the three future periods of 2020-2049, 2040-2069, and 2070-2099 . This approach of scenario-led climate model projections has shown to predict future surface temperatures with relatively high confidence (Wilby et al. 2014) .
This study used the delta change method (also known as Bchange factors^) (Diaz-Nieto and Wilby 2005) to project the future T mean ranges for the three time periods based on the ranges of the climate models under different RCPs. The delta change method is applied as follows:
where the CM future T mean represents a climate model (CMIP5 GCMs or RCMs) output for a future period (e.g., 2080s), CM historical T mean represents the historical mean temperature from a climate model (CMIP5 GCMs or RCMs) output from 1981 to 2010, and ΔCM T mean represents the change in T mean from a particular climate model, RCP, and time period. All of the model outputs were in monthly averages. ΔCM T mean was calculated for each individual climate model for each future period for each RCP. Once all of the ΔCM T mean were calculated, SDSM-DC-simulated daily T mean values (20 members) are added to each of the ΔCM T mean to project future daily T mean , as shown below:
The results of projected daily T mean were then applied to calculate projected FDDs for the future periods.
Finally, trends in future projected FDDs were then assessed for the following time periods: 2011-2040, 2041-2070, and 2071-2100 . This study applied the lowest threshold that was determined by the work of Hori et al. (2016) , to assess how the climatically favorable conditions to constructing winter road systems during October to December changes at the selected five locations in OFN, until the end of 2100. The key steps in the SDSM-DC process and delta change method are presented in Fig. S1 .
Results
SDSM-DC simulated mean temperatures
A multiple linear correlation analysis was performed to identify relevant predictor variables (see Table S2 for the full list) for the predictand at each station. Ten predictors were identified (see Table S4 ). After a number of predictor-predictand relationships were rigorously evaluated based on the relevant physical processes with local meteorological response, five relevant predictors were identified at each location. The values of coefficient of determination (R 2 ) and standard error (SE) between the observed and SDSM-DC-simulated T mean data for each month of the year were calculated for both the calibration and validation results. The values of R 2 were high (varying from 0.944 to 0.895), and the root mean square error (RMSE) were small (varying from 3.17 to 2.29) at all locations between the observed and SDSM-DC-simulated T mean data. Figures S2 and S3 show the scatterplots of the observed and SDSM-DC-simulated T mean , as well as the observed and SDSM-DC-simulated FDDs for the baseline period of 1981-2010 for the five locations. These results indicate that SDSM-DC is able to accurately downscale T mean for the baseline period in the study region. Thus, the downscaled T mean results were used as the baseline for projecting the future T mean for 2011-2100 using the CMIP5 models.
Climatological baseline analysis
Results of the 30-year average FDD accumulations and statistical trend analyses at each location, during the preconditioning period of the winter road season (October 1 to December 31) for the baseline period of 1981-2010 are provided in Table 1 . Big Trout Lake has the highest FDD accumulations, while Moosonee has the lowest FDD accumulations. Trend analyses of the FDDs indicated negative trends for all locations. Of the five locations, a statistically significant decreasing (p ≤ 0.01) trend was detected at Moosonee. The Theil-Sen slope of Moosonee reflected a higher magnitude (− 8.52 FDDs/year) which was approximately 250 FDD reduction over the last 30 years.
Climate model projections
Projected mean temperatures
The changes in T mean that were projected by the CanRCM4, RegCM4, and CanESM2 models for 2020-2099 were examined with respect to the baseline period of 1986-2005 (These periods were chosen to match with the 30-year average ΔT mean outputs provided by Ontario CCDP). As a measure of climate model performance, the ΔT mean by CanRCM4 and the four RegCM4 runs under RCP8.5 are shown in Fig. S4 . All climate models indicated similar increasing trends of ΔT mean for the three future periods, with a spread of < 3°C. The trends of future ΔT mean of CanRCM4 and the RegCM4 run driven by CanESM2 were almost identical at all stations, and they were generally within the range of RegCM4 runs (except Big Trout Lake). Also, the trends of future ΔT mean of CanRCM4 and CanESM2 under RCP8.5 and RCP4.5 were very similar at all stations (see Fig. S5 ).
The projected T mean using the CMIP5, CanRCM4, and RegCM4 models for the future periods of 2011-2100 along with the SDSM-DC-simulated T mean from 1981 to 2010 at all locations are presented in Fig. 2 . The uncertainty (± 1 standard deviation) range of the projected T mean from the 28 GCM runs from CMIP5 (shown in the color shading) are generally about 5°C for all scenarios and locations, and the mean projected T mean show similar increases for all RCPs until 2040s, then they diverge. While the mean projected T mean under RCP8.5 continue to increase at an approximately linear rate of 0.05°C year −1 to 2100, the mean projected T mean under RCP4.5 increase at a much slower rate, and the mean projected T mean under RCP2.6 have flattened. Also, the projections of both the CMIP5 GCMs and RCMs (CanRCM4 and RegCM4) are very similar. By the end of the century, the mean projected T mean under RCP8.5 are on average about 4°C higher than under RCP4.5, and the mean projected T mean under RCP4.5 are higher than under RCP2.6 by approximately 1.5°C. Overall, all of the climate model projections indicated increasing trends of T mean over the future period at all locations. The greatest increases were observed under RCP8.5 for both the CMIP5 and CanRCM4 models, while the least increases were identified under RCP2.6 in CMIP5.
FDD threshold analysis
The SDSM-DC-simulated baseline and the projected FDDs for the three future periods of -2040 , 2041 -2070 , and 2071 -2100 are reported in Fig. 3 . The SDSM-DC-simulated baseline FDD mean values at Big Trout Lake, Lansdowne House, Red Lake, Moosonee, and Kapuskasing were 877, 779, 683, 579, and 548, respectively. Under RCP2.6, the trends of FDDs indicated that the mean FDDs for all locations were projected to remain above the lowest threshold through to the end of 2100, though the threshold is above the lower quartile FDD range for Moosonee and Kapuskasing. Under RCP2.6, it should be noted that the trends of FDDs continue to decrease during 2011-2040 and 2041-2070 ; however, such decreasing trends became somewhat flattened or weakened during 2071-2100 for all locations. Under RCP4.5, the mean FDDs were also projected to remain above the lowest threshold during 2011-2040 for all locations, though the lower threshold is above the lower quartile range for Moosonee and Kapuskasing. By mid-century (2041-2070), the trends of FDDs for both locations were projected to decrease below the lowest threshold with the mean FDDs at 376 and 363, respectively. By the end of the century (2071-2100), the decreasing trends of FDDs were projected to be somewhat weakened for all locations. For Red Lake, the threshold is above the lower quartile range. Under RCP8.5, the strongest rates of decline of FDDs were projected. By mid-century, the trends of FDDs at Moosonee and Kapuskasing were projected to decrease below the lowest threshold with the mean FDDs at 325 and 313, respectively. The threshold is above the lower quartile range for Red Lake. By the end of the century, the mean FDDs for Lansdowne House and Red Lake were projected to be below the lowest threshold, at 356 and 305, respectively. Though the mean FDDs for Big Trout Lake remains above the lowest threshold, the threshold is above the lower quartile range. 
Discussion
The capability of SDSM-DC in reproducing observational temperatures in OFN is demonstrated by the high R 2 values between the observed and SDSM-DC-simulated T mean at all locations. Past research has also shown that SDSM accurately simulated observed mean annual air temperatures at Big Trout Lake and Lansdowne House for 1961 -1990 (Tam et al. 2014 .
Trend analyses of climatological baseline for the five locations revealed that Moosonee has experienced statistically significant decreases of FDD accumulations over the past three decades. This is consistent with the findings by Hori et al. (2016) that monthly average of FDDs has significantly decreased in Moosonee from October to April since 1961. Gagnon and Gough (2005) observed that there was a temporal pattern in historical temperature records in the Hudson Bay region. For example, since 1975, the significant warming period was observed at Moosonee and Churchill and the warming continued thereafter. Such warming trends have linked to the rapid change of sea-ice conditions in Hudson-James Bay. Kowal et al. (2015) reported that the trends toward a later sea-ice freeze-up and earlier break-up dates in HudsonJames Bay have been accelerated in the most recent decade; thus, the rate of ice-free season has indicated a strong increasing trend in recent years.
The comparison between RCMs (CanRCM4 and four RegCM4 runs) and the comparison between RCM (CanRCM4) and GCM (CanESM2) revealed that the trends of ΔT mean were most similar within CanRCM4, the RegCM4 run driven by CanESM2, and CanESM2. Thus, the CMIP5, CanRCM4, and RegCM4 models were used for reproducing the future T mean for 2011-2100. These models projected increasing trends of T mean at five locations under all RCPs. Of the RCPs, the magnitude of the trends of CMIP5 outputs based on RCP8.5 was the largest, while the CMIP5 outputs based on RCP2.6 were the smallest for all locations. This is consistent with the theoretical basis of the RCP emission scenarios, where RCP8.5 represents the highest emission scenario, while RCP2.6 represents the lowest (Flato et al. 2013) .
The SDSM-DC-simulated FDDs for the CMIP5 projections were in very good agreement with the observed FDDs. Analyzing the trends of projected FDDs for three future time periods relative to the 1981-2010 climatological baseline and using the lower threshold of FDD accumulations, the historical climate conditions were favorable for the winter road construction at all five study locations. Note that the FDDs closest to the lowest threshold during the baseline period is Kapuskasing, where there is approximately 10% probability that the FDDs would be below the threshold (Fig. 3) . Results of the projected FDDs using the CMIP5 indicate that there is an increasing number of projected warming days in the near future, though such warming trends may vary, depending on the RCPs and time periods. Under RCP2.6, the smallest decreasing rates of FDDs were projected among other RCPs at all locations through to the end of 2100. Though the mean FDDs for all locations remain above the lowest threshold, by mid-century, climate conditions for Moosonee and Kapuskasing would possibly not be favorable for the winter road construction period as the lowest threshold is within their interquartile ranges. Compared with RCP4.5 and RCP8.5, the decreasing trend under RCP2.6 became somewhat flattened or weakened during 2071-2100. This is parallel to the theoretical basis of RCP2.6, which has a peak radiative forcing of 3 W/m 2 before declining to 2.6 W/m 2 by the end of 2100 (Moss et al. 2010 ). RCP2.6 is also designed to limit the increase of global mean temperature below 2°C (van Vuuren et al. 2011) .
Under RCP4.5 in the CMIP5 projections, the projected FDDs for Big Trout Lake and Lansdowne House suggest that climate conditions would be favorable for the winter road construction through to the end of 2100. These two locations will continue to accumulate sufficient FDDs during the winter road construction period. However, the projected FDDs for Moosonee, Red Lake, and Kapuskasing indicate changes in climate conditions for 2041-2070 and 2071-2100. For Moosonee and Kapuskasing, climate conditions would possibly be unfavorable by mid-century. For Red Lake, unfavorable climate conditions may be seen by the end of the century as the 50th percentile FDD declines close to the lowest threshold.
Under RCP8.5, climate conditions for Moosonee and Kapuskasing would possibly be unfavorable during the winter road construction period by mid-century. Climatically unfavorable conditions would possibly occur for both locations in the earlier period, 2011-2040, as the lowest threshold is well within their interquartile ranges. For Lansdowne House and Red Lake, climate conditions would possibly be unfavorable by the end of the century. Red Lake may encounter such conditions earlier during mid-century when the 50th percentile FDD declines close to the lowest threshold.
Results of the FDD threshold analysis reveal that Moosonee and Kapuskasing would be faced with unfavorable climate condition for the winter road construction earlier than other locations. The winter road network near Moosonee is the James Bay Winter Road that spans 320 km in length along the coastline of western James Bay from Moosonee to Attawapiskat (Government of Ontario 2015b). The Wetum Road, its grand opening in February 2013, connects Moose Factory to Otter Rapids (170 km) (Carpenter 2015) . Thus, these networks need particular attention when planning future operations, including the winter road construction, maintenance, and freight service.
Limitations
This study recognizes the limited availability and quality of climate data in OFN. This region is vast, and there are only three weather stations that are located above the Far North boundary that have sufficient climate records for climate change impact assessment. In addition, winter roads in OFN are most likely operated by the nearby First Nations communities and/or private companies; thus, detailed information on the annual opening and closing dates of winter roads are not public knowledge. Another limitation is related to climate model and scenario uncertainties. The uncertainty in climate model projections may arise due to three major factors: the internal variability of the climate system, model uncertainty, and scenario uncertainty (O'Sullivan et al. 2015) . Lastly, further research needs to be done to incorporate projections of precipitation and wind, because the winter road construction is directly affected by air temperature, snowfall, and wind.
Conclusions
This study has shown the projected future FDD accumulations at five locations throughout OFN using the multi-model ensembles of GCMs and RCMs under the RCPs. For Moosonee and Kapuskasing, climate conditions were projected to be unfavorable during the winter road construction period by mid-century and for Lansdowne House and Red Lake by the end of the century. On the other hand, climate conditions for Big Trout Lake are expected to remain favorable for the winter road construction through to 2100. A network of winter roads in OFN has been, and continues to be, a critical seasonal lifeline, particularly for remote First Nations communities, in order to not only transport for the essential goods and services but also to facilitate social and cultural interactions among remote communities. However, given the results of climate model projections in this study, the viability and longevity of winter roads and its seasons in the future are uncertain. Thus, long-term planning and adaptation strategies in response to the implications of climate change on winter roads are necessary at the community and government levels.
